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Introduction
Mixed metal oxides with the general formula A 2 B 2 O 7 can adopt a number of structure types including pyrochlore and fluorite. Pyrochlores and fluorites display a variety of interesting properties, such as oxide ion conductivity, radiation stability, gas sensitivity, catalytic activity, superconductivity and giant magnetoresistivity [1] [2] [3] [4] [5] [6] [7] . In particular their potential as oxide ion conductors has led to the investigations of the fluorite-pyrochlore structural boundary, with the aim of correlating the degree of anion disorder to conductivity [2, 8] . The transformation of pyrochlore to fluorite may be induced thermally, on application of pressure and by chemical doping [2, 9, 10] .
In the fluorite structure (space group Fm-3m), cations occupy the 4a site and anions occupy the 8c site. When a compound with composition A 2 B 2 O 7 adopts this structure, A and B cations are statistically disordered across the 4a sites, whilst oxygen and vacancies are statistically disordered across the 8c sites. When an ideal pyrochlore structure is adopted (space group Fd-3m), A and B cations and oxygen atoms are ordered, bringing about a doubling of the unit cell parameter with respect to fluorite. In an ideal pyrochlore, the A cation is eight coordinate, with the scalenohedral coordination environment comprising a puckered hexagon of anions plus two anions on the axial positions. The B cation coordination geometry is distorted octahedral. There are three relevant oxygen sites: 48f coordinated by two A and two B cations; 8a coordinated by four A cations, and the usually vacant oxygen site 8b is surrounded by four B cations. The geometry around each oxygen site is tetrahedral.
The relative stability of fluorite and pyrochlore structure types for a given composition is generally governed by cation radius ratio rules, r A /r B , with pyrochlore being stable in the region r A /r B = 1.46-1.78 [1] . For many years, Nd 2 Zr 2 O 7 (with a cation radius ratio of 1.54) has been known to adopt the pyrochlore structure when synthesised via a conventional solid state method. At 2300 °C Nd 2 Zr 2 O 7 undergoes a thermally induced pyrochlore-fluorite orderdisorder transformation [9, 11] . Other compounds such as Gd 2 Zr 2 O 7 and Sm 2 Zr 2 O 7 also display similar transformations which have been attributed to the proximity of their r A /r B ratios to the fluorite-pyrochlore stability boundary value of 1.46 [9] .
The synthesis of Nd 2 Zr 2 O 7 by several precursor routes such as the sol-gel and citrate methods has also been reported [12] [13] [14] [15] [12, 13] . Zhang assigns Nd 2 Zr 2 O 7 synthesised at 600 °C (for ten minutes) to the pyrochlore structure despite the PXRD data showing a poorly crystalline sample [15] . Rao reports the formation of Nd 2 Zr 2 O 7 at 500 °C but it is not clear whether this was assigned to the fluorite or pyrochlore structure [14] . This ambiguity in structure-type assignment primarily arises from the nature of the sample, with powder X-ray diffraction (PXRD) patterns showing poor crystallinity or broad peaks (as a result of small crystallite size). Due to the close structural relationship between fluorite and pyrochlore, the pyrochlore diffraction pattern consists of strong reflections (related to the fluorite substructure) and weaker pyrochlore superstructure reflections resulting from the ordering of cations and anions. When PXRD patterns show reflections with a large full-width at half maximum (FWHM), as in the case of Nd 2 Zr 2 O 7 products prepared by precursor methods, any relatively weak pyrochlore superstructure peaks can be difficult to detect. The majority of the existing structural characterisation of Nd 2 Zr 2 O 7 (prepared via precursor routes) has utilised powder X-ray diffraction. There are no neutron diffraction studies and there is only one example of use of a local structural probe (Fourier transform infra-red spectroscopy) [14] .
The effect of the synthetic route on the structure adopted by the product has been demonstrated in a number of oxide materials. For example, for many years, cubic ZrMo 2 [17] . NaNbO 3 also exhibits complex polymorphism related from the synthetic route used. A polar polymorph may be synthesised when a sol-gel method is used and the ilmenite polymorph of NaNbO 3 can only be prepared via hydrothermal synthesis [18, 19] ; by adjusting the hydrothermal reaction conditions, a perovskite polymorph may be obtained [19] . NaNbO 3 also displays crystallite size related polymorphism [20] .
The aim of our work was to determine the effect of the synthetic route on the structure of Nd 2 Zr 2 O 7 products obtained, using a range of average and local structure characterisation techniques including X-ray, neutron and electron diffraction, neutron total scattering and reverse Monte Carlo (RMC) modelling.
Experimental

Synthesis
Equimolar amounts of Nd(NO 3 ) 3 ⋅6H 2 O and ZrO(NO 3 ) 2 ⋅xH 2 O were dissolved separately in 25 ml distilled water. The two solutions were mixed together and stirred thoroughly, before neutralising with NH 4 OH to yield a lilac gel. The resulting gel was stirred for several hours, aged overnight then stirred for a further two hours, before filtering under vacuum and washing with distilled water. The resulting solid was dried at 95 °C, yielding a precursor. The precursor was ground and fired at 800 °C for 16 hours (sample NZO800A). A second sample was annealed at 800 °C for 300 h, whilst a third sample was annealed for 1000 °C for 300 h (sample NZO1000).
Characterisation
PXRD data were collected on a Bruker D8 ADVANCE diffractometer, utilising CuKα 1 radiation, equipped with a Ge monochromator, a VÅNTEC position sensitive detector and an Anton Parr HTK1200 high temperature stage. Typically, data were collected in the 10-70° 2θ range with a step size of 0.0170° and a counting time of 1 s per step, leading to a collection time of approximately one hour. Variable-temperature PXRD patterns were recorded in the temperature range 200-882 °C in 20 °C steps.
Powder neutron diffraction (PND) data were collected on GEM instrument at the ISIS facility. Approximately 8 g of sample were loaded into 8 mm vanadium cans. Data were collected in the 500-19900 µs time-of-flight range for a total of 140 µA h per sample for Rietveld-quality data, and 420 µA h for the total scattering data. The GEM diffractometer has a large number of detector elements covering a wide range of angles (1.2 ° to 171.4 °), and grouped into eight detector banks, giving a high resolution in both real and reciprocal space. The design and further technical details of the GEM detector arrays have been described by Hannon. [21] Rietveld refinements were carried out using the TOPAS Academic software [22] . Neutron total scattering data were normalised onto an absolute scale using Gudrun [23] . This involves using data from a number of additional calibration runs to remove the background signal, take account of the neutron flux variation with wavelength and correct for absorption and multiple scattering. Following this process, the pair distribution function was obtained via a sine Fourier transform of the normalised diffraction data. RMCProfile was used for reverse Monte Carlo (RMC) modelling of the pair distribution function (PDF) data [24] . An 11 × 11 × 11 fluorite supercell containing at total of 15972 atoms (2662 Nd, 2662 Zr, 9317 O and 1331 null scattering atoms as vacancies) and a 6 × 6 × 6 pyrochlore supercell containing a total of 19008 atoms (3456 Nd, 3456 Zr, 10368 O (48f site) and 1728 O (8a site)) were used as the starting configurations for RMC modelling. The 'atom swap' function in RMCProfile was used to swap Nd atoms with Zr atoms and oxygen with oxygen vacancies in the fluorite model. Bond valence sum restraints were used to favour configurations with locally sensible coordination geometries and also to help guide the refinements during the initial stages [25] . RMC configurations were viewed using AtomEye [26] .
Samples were prepared for electron diffraction by dispersing in a solvent and placing a drop on a holey carbon grid. A Jeol 2100F transmission electron microscope (TEM), operating at diffracti (Fig. 3 a-b) and a pyrochlore starting configuration (Fig. 3  c-d) . Observed data shown as blue curves, calculated shown as red dots (for clarity and differentiation), and the difference curve shown in grey. (Figure 4a and b) . These are consistent with the relative ionic sizes of the two species, but cannot help us distinguish between the two structure types.
By contrast, the bond angles in the fluorite and pyrochlore structures provide sensitive means of differentiating between the two. The distributions of the key bond angles obtained by RMC modeling starting from the pyrochlore and fluorite initial configurations (dark blue and red curves, respectively) are shown in Figure 5 , together with the lines representing the corresponding bond angles in the ideal pyrochlore and fluorite structures (light blue and pink vertical lines, respectively). Regardless of the starting model used, the main maximum of the Nd-O-Nd angle distribution is centred around the ideal fluorite value of 109° (pink vertical line in Figure 5a ). The refined angles distribution maxima almost coincide, being at 104° and 105° for RMC configurations obtained from the pyrochlore and the fluorite starting models, respectively. In the ideal pyrochlore, the Zr-O-Zr angle is 138°, whilst in an ideal fluorite this angle is 109°. The Zr-O-Zr angle distributions obtained in RMC refinements from both starting models show clear centring around the ideal fluorite value of 109° (Figure 5b ). The final bond angle parameter which allows differentiation between the pyrochlore and the fluorite structure types is the O-Zr-O angle. In the ideal pyrochlore structure, two values are expected around 90° (determined by the 48f oxygen x fractional coordinate) for the O-Zr-O angles (Figure 5c ). However, following RMC refinements started from the pyrochlore structure, the distribution of this angle shows a clear distortion away from 90°, towards a bimodal distribution with the maxima centred at 73° and 109°, which are very close to the values of 71° and 109° typically observed for an ideal fluorite. When the RMC modelling starts from a fluorite model, these angles remain close to their initial values.
This analysis of trends obtained by RMC modelling demonstrates the clustering of the key structural parameters around the values characteristic of the fluorite structure, regardless of the starting model used. When RMC modelling was started from the fluorite model, the refined distributions of structural parameters remained close to the original ideal values. When RMC modelling was started from the pyrochlore structure, significant distortions were observed and the final parameter distributions end up centred around typical fluorite values.
Although the analysis of trends presented above is the most meaningful way to assess our RMC modelling results, we show the obtained fluorite configuration (Fig. 6a) alongside the ideal fluorite (Fig. 6b ) and the ideal pyrochlore structure (Fig. 6c) . In these figures, the original simulation boxes were collapsed back onto smaller cells, (2 a F × 2 a F × 2 a F ) and a single pyrochlore cell (these correspond to the same metric). This graphically illustrates the disorder in both cation and oxygen sublattices, typical of the fluorite structure type. Neutron total scattering data hence provides compelling evidence that Nd 2 Zr 2 O 7 prepared via a precursor route is best described as having a fluorite structure. 
Nd 2
Heating adoption tempera (900 °C for 300 clearly s [29] . This led us to test two models for the pyrochloretype Nd 2 Zr 2 O 7 against our neutron data: Model 1, corresponding to an ideal pyrochlore structure with an ordered oxygen sublattice, and Model 2 with partial occupation of the O(3) sites (i.e. a disordered oxygen sublattice). Rietveld refinements were carried out using laboratory X-ray data and 3 banks of neutron data simultaneously. For both models, the zero point error, scale factor, absorption correction, 6 background parameters per bank, peak shape, cell parameter, 48f x coordinate of the O(1) site, one isotropic temperature factor per metal site and one equated isotropic temperature factor for all oxygen sites were refined. In addition, for Model 2, oxygen site occupancies were refined and a restraint was used for the occupancies to prevent deviations from the nominal Nd 2 Zr 2 O 7 stoichiometry. A summary of the models obtained from Rietveld refinement is given in Table 1 . The best fit was obtained for the Model 2 with disordered oxygen sublattice and the fit is shown in Figure 7 . The O(3) site was found to have an occupancy of 0.217(3), with the oxygen vacancies on the O(1) (48f) oxygen site; this reflects a small degree of fluorite-like character in this pyrochlore structure. [30] . However, this is not surprising, given different preparation methods and thermal histories of the two samples.
Conclusions
Local and average structure characterisation techniques (neutron total scattering and RMC modelling, X-ray, neutron and electron diffraction) have been employed in this study of Nd 2 Zr 2 O 7 prepared via a precursor method. The first total scattering study of Nd 2 Zr 2 O 7 is reported, and analysis of the distributions of key structural parameters obtained from RMC modelling clearly suggests that fluorite structure is adopted by the sample prepared at 800 o C from an amorphous precursor. This is also supported by X-ray, neutron and electron diffraction. Annealing this sample at 1000 °C results in a phase transition to a pyrochloretype structure. However, Rietveld refinements using powder neutron diffraction data suggest that some disorder in the oxygen sublattice remains, imparting a small degree of fluorite-like character to the structure.
This work therefore emphasises an important general point, namely that the fluorite and the pyrochlore structures are better viewed as a continuously evolving structure type rather than as two distinct ones. In certain cases, the structural change will be accompanied by a significant change in physical properties. For example, in the Y 2 (Ti 1-y Zr y ) 2 O 7 series, a systematic substitution of the smaller Ti 4+ cation on the pyrochlore B-site by the larger Zr 4+ gradually drives the structure to a disordered fluorite-type, giving rise to increased oxide ion conductivity. [2] 
